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LABORATORY INVESTIGATION
G-protein stimulation inhibits amiloride-sensitive Na/H
exchange independently of cyclic AMP
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Renal Division, Washington University School of Medicine, St. Louis, Missouri and the Department of Medicine, The Jewish Hospital of
St. Louis, St. Louis, Missouri, USA
C-protein stimulation inhibits amiloride..sensitive Na/H exchange by a
mechanism independent of cyclic AMP. 0-proteins are heterotrimenc
proteins involved in many transmembrane signaling events. Both the
renal basolateral membrane and the renal brush border membrane
contain large quantities of these proteins. 0-proteins appear related to
hormonal signaling in the basolateral membrane and presumably affect
ion gating in the brush border. We investigated the influence of
0-proteins on the amiloride-sensitive Na/H exchanger, the activity of
which is regulated at least in part by cAMP-dependent protein kinase,
by measuring the amiloride-sensitive component of [22Na] uptake in
rat renal brush border membrane vesicles (BBMV) in the presence of a
pH gradient. Incubation of vesicles with A1F4 (10 M Al3, 10 mr'i F)
resulted in significant inhibition of amiloride-sensitive [22Na] uptake at
both 20 seconds and 5 minutes of incubation. Incorporation of GTPYS
into BBMV by transient hypotonic tysis also resulted in significantly
reduced amiloride-sensitive [22Na] uptake compared to controls at
both time points. This inhibition could be reversed by GDPI3S. Similar
lysis in the presence of 10 /SM GDP/3S alone had no significant effect.
When Na-dependent ['4C]-n-glucose uptake into BBMV was studied
no significant effect of these 0-protein modulating agents was observed.
Adenylate cyclase activity could not be stimulated in these BBMV
preparations using standard techniques. Furthermore, cAMP-depen-
dent protein kinase activity, strongly stimulated in these BBMV by
exogenously added cAMP, was not stimulated by 10 M GTPyS alone.
These findings suggest that the amiloride-sensitive Na/H exchanger can
be regulated by G-proteins independently of adenylate cyclase and
cAMP-dependent protein kinase.
The heterotrimeric G-proteins play a central role in trans-
membrane signaling events. Classically they are involved in the
transduction of messages from occupied hormonal receptors to
intracellular effectors [1—5]. The most fully characterized en-
zymes regulated by G-proteins are the hormone-sensitive ade-
nylate cyclase, regulated by Gs and Gi, and the retinal cGMP
phosphodiesterase activated by transducin (Gt) [6, 71.
The proximal tubule of the mammalian kidney possesses a
polarized epithelium with an asymmetric distribution of mem-
brane components between the apical and basolateral domains
of individual cells [81. Conventional wisdom states that hor-
mone receptors are predominantly located in that portion of the
cell in close contact with the bloodstream, namely the basolat-
eral membrane. Thus, one might assume that the majority of
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G-proteins are confined to the same region. However, it has
recently been demonstrated that considerable amounts of dif-
ferent 0-proteins can be localized to the brush border mem-
brane of the proximal tubule [9]. In addition, it would appear
that numerous hormones may in fact act directly on the brush
border as evidenced by the presence of high affinity hormone
binding sites in this membrane [10—12]. The brush border
membrane of the proximal tubule contains a variety of trans-
porters and ion channels [13, 14] potentially responsive to local
hormonal influences. Involvement of 0-proteins in the regula-
tion of epithelial sodium channels has already been described
and proximal tubular phosphate reabsorption has been shown
to be cholera toxin sensitive [15, 16].
The amiloride-sensitive Na/H exchanger located in the brush
border of the proximal tubule [17, 18] is important in the
reabsorption of sodium from the tubular fluid and in the
acidification of the urine. Numerous workers have described its
regulation by various protein kinases [19]. In order to ascertain
the role of apical 0-proteins, we undertook to examine the
effects of G-protein stimulation on the activity of the Na/H
exchanger in brush border membrane vesicles (BBMV) and to
investigate the mechanisms whereby any observed effects may
be mediated. The results of these studies imply a complex role
for G-proteins in the regulation of this important antiporter.
Methods
Preparation of membranes
Female Sprague-Dawley rats (200 to 220 g) were used in all
experiments. Brush border membrane vesicles (BBMV) were
prepared by a MgCI2 precipitation technique [20]. Vesicles were
suspended in a buffer consisting of 90mM MES, 17 mM Tris, 10
mM MgCI2, 10 mtvi KCI, and 313 mM mannitol pH 5.5 (suspen-
sion buffer) after the initial 35000 g centrifugation step. Purity of
membrane preparations was examined by assay of specific
enzyme markers as previously described [9]. Protein concen-
trations were determined by the method of Bradford [21].
Measurement of[22Na7 uptake into BBMV
The uptake of j22Na] into BBMV was measured by a rapid
filtration technique [22] using 0.65-jtm Millipore (DAWP) fil-
ters. Membrane vesicles were diluted to a protein concentration
of 2 g/d with suspension buffer. Uptake was initiated by
addition of 10 1.d of BBMV suspension to 40 d of an incubation
buffer containing 90 mrs's HEPES, 50 mrs't Tris, 10 mrs's MgCI2,
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277 mr.i mannitol, 10 msi KCI and 1.25 ms'i [22Na]Cl (5
CiIml), pH 7.5 (final pH 7.25). Incubations were carried out at
20°C and terminated by the rapid addition of 4 ml of an ice-cold
stop solution containing 150 mM MgCI2 and 1 ms'i HEPES/Tris
pH 7.5, followed by rapid filtration. The Millipore filter was
then washed twice with 4 ml of the ice-cold stop solution and
the radioactivity retained on the filter was determined by liquid
scintillation spectrometry. Non-specific retention of [22Na'i on
the filters accounted for less than 0.01% of the total radioactiv-
ity, and the values for this retained [22Na] were subtracted
from the values of the incubated samples.
For measurement of [22Na4i uptake in the presence of Al3
and F ions BBMV were diluted to a concentration of 2 p.gIpJ
in suspension buffer containing KF and AIC13 such that the final
concentrations were 10 mM K, 10 mivi F, and 10 p.M A13t
Membrane vesicles were pre-incubated after dilution in this
buffer for 15 minutes at 20°C before use in uptake experiments
as described above.
For those experiments involving the use of GTP7S and
GDPJ3S the technique of hypotonic lysis, as described by
Hammerman and Hruska [231, was used to ensure access of
these GTP analogues to the interior of the BBMV. This was
necessary since BBMV are impermeable to these substances.
Ten p.l of BBMV suspension (2 p.g/pi) was placed in a test tube
and warmed in a water bath to 30°C. After one minute 40 pA of
a buffer containing 10 mts MgCI2, 10 mi KC1, 5 mM MES/Tris,
pH 5.5 and GTPYS or GDPI3S, at either 10 p.M or 50 p.M
concentrations (hypotonic lysis buffer), was added to the
BBMV suspension. This solution was hypotonic with respect to
the membrane suspension buffer so as to effect lysis of the
vesicles and allow access of the GTP analogues to the interior of
the vesicles. [22Na] uptake was then initiated by addition of
200 jsl of incubation buffer as previously described (final pH
7.15).
Each experiment was performed on at least three individual
membrane preparations, and incubations were performed in
duplicate. Amiloride-sensitive uptake of [22Nai was calculated
as the difference between uptakes with and without 1 mM
amiloride in the incubation buffer.
Measurement of ['4C]-D-glucose uptake
For D-glucose uptake studies, BBMV were prepared exactly
as described above except that the pH of the suspension buffer
was adjusted to 7.4. Uptake studies were then performed using
a modification of the method described by Kinne et al [24].
Briefly, a 20 p.1 aliquot of BBMV suspension (2.0 p.g/p.l) was
incubated at 20°C for one minute. Uptake was initiated by
addition of 100 p.! of an incubation buffer containing 100 mt
NaCI, 10 m KC1, 313 mM mannitol, 1 mM ['4C]-D-glucose (2.5
p.Ci/ml) and 1 mM Tris/HEPES pH 7.4 at 20°C. Incubations
were performed at 20°C and terminated by the addition of 2 ml
of an ice-cold stop solution containing 150 m NaCl, 0.2 mM
phlorizin, 10 m'vi Tris/HEPES, pH 7.4. The mixture was then
rapidly filtered through a 0.65 p.M Millipore (DAWP) filter. The
filter was then washed twice with 3 ml of stop solution.
Radioactivity retained on the filters was determined by liquid
scintillation spectrometry.
For measurement of [14C]-D-glucose uptake in the presence
of 10 p.M Al3 and 10 mri F or 10 /LM GTPYS, vesicles were
either diluted in suspension buffer containing Al3 and F ions,
or lysed in hypotonic buffer containing GTP7S exactly as
described above. These vesicles were then used for [14C]-D-
glucose uptake experiments. Each experiment was performed
in duplicate on at least three separate occasions.
Measurement of adenylate cyclase activity
Activity of adenylate cyclase in BBMV was determined
under basal conditions and when stimulated by parathyroid
hormone, forsko!in, manganese and A1F4 by the method of
Stokes, Martin and Klahr [25]. Each experiment was performed
in duplicate on BBMV from at least three different prepara-
tions.
Measurement of protein kinase A activity
The activity of cAMP-dependent protein kinase was deter-
mined according to the methods of Corbin and Reiman [26] and
Partridge et al 127] adapted as follows: BBMV suspensions were
mixed with four volumes of either the hypotonic buffer de-
scribed above, or hypotonic buffer containing various combi-
nations of 6.25 p.M cAMP, 10 LM GTPyS, or 10 p.M GDPI3S, and
incubated at 20°C for five minutes. This was then mixed with an
equal volume of an ice-cold solution containing 50 m potas-
sium phosphate, 10 mi NaEGTA, 10 mM NaEDTA, 2 mM
IBMX, 20 mts NaF, 2% Triton X-100, 20 mM DTT, pH 7.2, and
placed on ice. The mixture was then sonicated for 10 seconds
and microfuged for 20 seconds. A 20-p.! aliquot of the superna-
tant was then removed and added to 60 pA of an assay mixture
containing 20 mrvi MES/NaOH, pH 6.8, 10 m Mg acetate, 1
mM EDTA, 0.1% BSA, 5 mg/mI histone type Il-A, and 0.125
mM y[12P]ATP. After five minutes at 30°C 50 p.1 of this reaction
mixture was spotted onto Whatman 3MM filter papers and
placed in ice-cold 10% TCA. The filters were washed twice in
10% TCA, once in methanol and finally once in ether. Radio-
activity retained on the filters was determined by liquid scintil-
lation spectrometry. Appropriate blanks representing non-spe-
cific retention of [32P] on the filters were included in each
experiment, and these values were subtracted from the exper-
imental samples. All experiments were performed in duplicate
using at least three different BBMV preparations.
Materials
[22Na] (5000 p.Ci/ml) and ['4C]-D-glucose (2.2 mCi/mmol)
were obtained from New England Nuclear (Boston, Massachu-
setts, USA), and {32P]ATP (2 mCi/mi) was obtained from
Amersham (Arlington Heights, Illinois, USA). Millipore filters
type DA, 0.65 p.m, were obtained from Millipore (Bedford,
Massachusetts, USA) and Whatman 3 MM filters were obtained
from Fisher Scientific (St. Louis, Missouri, USA). All other
materials were obtained from Sigma Chemicals (St. Louis,
Missouri, USA).
Results
Enzyme characterization of brush border membrane vesicles
Activities of the specific brush border enzyme markers,
maltase and alkaline phosphatase, were enriched by 13.1
2.0-fold and 13.3 1.7-fold, respectively, over that in a crude
cortical homogenate. In contrast, activity of Na, K-ATPase,
a basolateral membrane marker, was de-enriched by a factor of
0.6 0.3 in the BBMV preparation.
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[22Na17 uptake into BBMV
Preliminary experiments indicated that in both non-lysed and
lysed/re-sealed vesicles the rate of 122NaI uptake increased
most rapidly at 20 seconds incubation, reached a peak at five
minutes and thereafter declined. Therefore, these two specific
incubation times were chosen for assessment of [22Nai uptake
into BBMV in the presence of A1F4, GTPyS and GDP/3S.
Figure 1 demonstrates the time course of [22Nai uptake into
BBMV at 20 seconds, 1, 5, 10 and 15 minutes in both non-lysed
and lysed re-sealed vesicles. Uptake in non-lysed vesicles was
initially rapid, reaching a peak of 7.52 0.29 nmol Nat/mg
protein at five minutes and thereafter declining to a steady state
of 4.8 0.3 nmol Nat/mg protein at two hours. This overshoot
phenomenon is characteristic of carrier-mediated transport into
intact membrane vesicles and demonstrates vesicle integrity.
This same pattern of uptake was observed in the BBMV lysed
in hypotonic buffer and then resealed, thus indicating that
vesicles treated in this way are subsequently able to transport
[22Na] in a manner qualitatively and quantitatively similar to
that seen in non-lysed vesicles. At each time point uptake of
[22Na ] into lysed/resealed vesicles was somewhat lower than
that in non-lysed vesicles, with a peak uptake at five minutes of
7.32 nmol Na/mg protein, This difference most probably
reflects a change in the intravesicular volume brought about by
lysis and resealing.
Figure 2 illustrates [22Na4i uptake into non-lysed vesicles in
the presence or absence of 10 M Al3 and 10 mrvi F in the
incubation buffer. After 20 seconds [22Na] uptake is reduced
from 4.2 0.4 nmol Na/mg protein to 2.25 0.4 nmol Na11mg
protein, a reduction of 46.4%, in the presence of these ions.
Similarly, at five minutes peak [22Na} uptake was reduced by
42.3%, from 6.5 0.28 nmol Na/mg protein to 3.75 0.15
nmol Na/mg protein. Amiloride insensitive uptake is unal-
tered, however.
Figure 3 shows the effects of 10 M GTPyS and 10 M
GDP/3S on the uptake of 22Nai into BBMV. In these exper-
iments vesicles were initially lysed in hypotonic buffer alone
(control) or hypotonic buffer containing either GTPyS or
GDPJ3S and allowed to re-seal. Uptake was initiated by addition
of 200 d of uptake buffer and allowed to proceed for 20 seconds
or five minutes. At 20 seconds uptake in control BBMV was 3.2
0.24 nmol Nat/mg protein. When 10 xM GDPf3S was added
to the lysis buffer [22Na] uptake was not significantly altered at
3.4 0.5 nmol Na/mg protein. However, when 10 M GTPyS
was included in the lysis buffer 22Na] uptake was significantly
inhibited to 1.8 0.2 nmol Nat/mg protein (P = 0.001
compared to control), a reduction of 43.8%.
A similar phenomenon was observed with [22Na] uptake
into BBMV at five minutes. At this time point [22Na] uptake
was 7.04 0.6 nmol Na/mg protein under control conditions.
After exposure to GDP/3S uptake was modestly but not signif-
icantly increased to 7.57 1.7 nmol Na41mg protein. In
contrast, however, when BBMY were exposed to GTPyS,
{22NaI uptake decreased by 30.4%, to a value of 4.9 0.6
nmol Nat/mg protein (P = 0.03).
It can also be seen that when 10 M GTPyS was combined
with 50 /LM GDP/3S in the hypotonic lysis buffer the inhibition of
Fi22Na4i uptake seen in the presence of 10 M GTPYS alone is
abolished at both the 20 second and five minute time points.
Amiloride-insensitive [22NaI uptake was not significantly
different from control levels under any of the experimental
conditions (Fig. 2, Fig. 3). Therefore these results indicate that
the reduction in [22Na11 uptake seen in these experiments is in
the amiloride-sensitive component, that is, that component
transported by the Na/H exchanger.
['4C]-D-glucose uptake into BBMV
Sodium-dependent ['4C]-D-glucose uptake was initiated as
described above and terminated after 5 seconds, 30 seconds, I
minute, 5 minutes and 10 minutes; the results are depicted in
Figure 4. Uptake of '4C]-D-glucose into non-lysed vesicles
under control conditions and in the presence of 10 tM Al3 and
10 mM F is depicted in Figure 4A. It can be clearly seen that
uptake proceeds rapidly, peaks between 5 and 30 seconds and
thereafter declines. The addition of Al3 and F ions has no
appreciable effect on the sodium-dependent uptake of '4C1-D-
glucose under these conditions. Similarly, as depicted in Figure











Fig. 1. Time courses of total (—) and amiloride-insensitive [22Na]
(----) uptake into non-lysed (•) and lysed/resealed BBMV (A) in the
presence of a pH gradient (N = 3).
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Fig. 2. [22Na] uptake into non-lysed BBMV under control conditions
and in the presence of A1F4, at 20 seconds and 5 minutes o.f
incubation. Symbols are: () amiloride sensitive uptake; (•) amitoride
insensitive uptake. p = 0.006 (N = 4), **p < 0.001 (N = 3) compared
to relevant control.
Fig. 3. f22Na] uptake into lysed/resealed BBMV under control conditions and in the presence of 10 M GTPyS or 10 /LM GDPI3S or 10 p.M GTP-yS
and 50 p.si GDPpS. Symbols are: () amiloride sensitive uptake; (U) amiloride insensitive uptake. A. 20-second incubation; * = 0.001 compared
to control (N = 5). B. 5-minute incubations; = 0.03 compared to controls.
0
Time, minutes Time, minutes
Fig. 4. Time course of sodium-dependent ['4C1-D-glucose uptake into BBMV. A. Uptake into non-lysed vesicles under control conditions (•), or
in the presence of A1F4 (U). B. Uptake into Iysedlresealed vesicles under control conditions (•) or in the presence of 10 p.M GTPyS (•). Points
offset slightly for clarity.
lysed and resealed in the presence of GTPyS was not signifi-
cantly different from that into vesicles lysed in the absence of
GTP7S. Uptake of ['4C]-D-glucose also demonstrates over-
shoot, thus further demonstrating vesicle integrity after lysis.
These results exclude the possibility that the reduction in
[22Na] uptake observed in the presence of A1F4 and GTPyS
was a consequence of changes in Na or H leak permeabilities
or generation of a voltage across the vesicle membranes.
Furthermore, since sodium dependence on ['4C]-D-glucose
uptake was unaltered by A1F4 and GTP7S the possibility that
these substances induced a change in vesicular volume is also
excluded.
Activity of adenylate cyclase in BBMV
Several investigators have described an inhibitory effect of
cAMP on Na/H exchange in brush border membranes [28, 29].
We therefore measured the activity of adenylate cyclase in our
BBMV under basal conditions and under conditions previously
shown to be stimulatory to this enzyme. The results of these
experiments are shown in Figure 5. Basal activity of adenylate
cyclase in these BBMV was low and could not be stimulated by
addition of 10—6 M parathyroid hormone (PTH), forskolin, Mn
or A1F4. However, in previous experiments using basolateral
membrane vesicles [30], adenylate cyclase activity could be
increased using these techniques (results not shown). These
results confirm the viability of the assay in the system studied.
They also further illustrate the purity of the BBMV preparation,
and exclude the possibility that Na/H exchange inhibition was a
consequence of cAMP production stimulated in contaminating
basolateral membrane fractions.
Protein kinase-A activity
The activity of cAMP-dependent protein kinase was mea-
sured as described in Methods, under basal conditions and when
stimulated by excess exogenous cAMP. The effects of GTPYS
or GDP/3S were also determined by the addition of these
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of cAMP-dependent protein kinase over that observed under
basal conditions.
Discussion
Fig. 5. Adeny/ate cyclase activity in BBMV under basal conditions and
as stimulated by PTH lO6forskolin (forsk), Mn, and A1F4 (F). No
significant differences were observed between any of the experimental
groups (N = 3).
Fig. 6. cAMP-dependent protein kinase activity ratios in BBMV under
basal conditions (N = 6) and in the presence of JO jIM GDPI3S (N 3)
or JO p.M GTPYS (N = 4). No significant differences were observed
between any of the experimental groups.
nucleotide analogues to the hypotonic lysis buffer. The results
revealed basal activity of cAMP-dependent protein kinase in rat
BBMV to be 4.59 1,6 nmol phosphate incorporated into
histone/minute. When excess exogenous cAMP was added the
activity was markedly increased. Figure 6 depicts the results of
cAMP-dependent protein kinase determinations in the presence
of cAMP, GTPyS and GDPpS. The results are expressed as
cAMP-dependent protein kinase activity ratios, that is, phos-
phorylation of substrate in the absence of cAMP under the
various experimental conditions, divided by that observed in
the presence of excess exogenous cAMP. An increase in kinase
activity is represented by an increase in the activity ratio. The
addition of cAMP increased activity of cAMP-dependent pro-
tein kinase by approximately 10-fold over basal levels, repre-
sented by an activity ratio of 0.12 0.03. In contrast, however,
the addition of neither GTPYS nor GDP/3S had any significant
effect on cAMP-dependent protein kinase activity; therefore,
ratios are unchanged and not significantly different from those
observed under basal conditions. Hence, the addition of 10 rM
GTPyS or GDP/3S to rat BBMV does not increase the activity
The aim of these experiments was to determine whether or
not G-proteins located in the brush border membrane of rena'
proximal tubules were involved in the regulation of the apically
located amiloride-sensitive Na/H exchanger. In order to ascer-
tain this we utilized a highly purified preparation of BBMV to
measure [22Na] uptake in the presence of a pH gradient. The
influence of G-proteins on this process was assessed using
compounds which either directly activate (A1F4 and GTP'yS)
or inactivate (GDPJ3S) G-proteins [31].
We have demonstrated that the addition of A1F4 to the
suspension buffer results in inhibition of amiloride-sensitive
[22Na] uptake at both 20 seconds and five minutes by more
than 40%. To test the effects of GTPYS and GDPJ3S a different
approach was required.
Using a methodological approach developed by Hammerman
and Hruska [23] and subsequently used by others 129], vesicles
were lysed and resealed so as to allow GTPyS and GDPI3S
access to vesicle interiors. Some investigators have experi-
enced problems with this methodology; specifically, Weinmann
et al observed the loss of Na/H exchanger activity in BBMV
from dog kidney following lysis and resealing [29]. However,
the same investigators applied the technique successfully to
study [22Na] uptake in BBMV from rabbit kidney 1291. In our
experiments with rat kidney membranes, lysed and resealed
BBMV demonstrated significant overshoot of the equilibrium
concentration of [22NaI at five minutes in a manner similar to
that observed in non-lysed vesicles, thus demonstrating the
feasibility of this approach. By modulating G-protein function
in this manner we have demonstrated significant inhibition of
amiloride-sensitive Na/H exchange by GTPYS, but no signifi-
cant effect of GDPJ3S in vitro.
To exclude the possibility that apparent Na/H exchanger
inhibition by these G-protein modulators was in fact due to
changes in vesicular ionic permeability and voltage generation
we evaluated the potential effects of these agents on Na1 -
dependent glucose transport. Our results reveal prompt glucose
uptake by these BBMV in a manner qualitatively similar to that
seen by others in rats [241 and humans [32]. Clearly these agents
have no effect on the activity of this transporter and thus these
results strengthen the conclusion that the amiloride sensitive
Na/H exchanger is regulated by G-proteins. Furthermore, the
results suggest that G-protein regulation is specific for certain
transporters.
A role for G-proteins in the regulation of Na/H exchange is
not unexpected. Substantial quantities of different G-proteins
are present in the apical membrane of the proximal tubule [9],
and recently high-affinity binding sites, or receptors, for various
hormones have been described in this membrane. Kniaz et al
[121 demonstrated the presence of high-affinity vasoactive in-
testinal peptide (VIP) binding sites in brush border membranes
from rabbits. These investigators also observed that when VIP
was applied to proximal tubular suspensions Na/H exchange
was inhibited by a mechanism independent of cAMP. It was not
clear from these experiments, however, whether VIP was
acting through the basolateral or apical membrane, but it is
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an apically located 0-protein linked receptor. Angiotensin II
binding sites have also been localized to the brush border
membrane of the proximal tubule [10, 33]. Recent studies by
Morduchowicz et al [34] have demonstrated that angiotensin II
directly stimulates Na/H exchange in rabbit renal BBMV. This
effect may occur through activation of phospholipase A2 by
angiotensin II via a G-protein linked receptor. Dopamine has
also been shown to have an inhibitory effect on Na/H exchange
in renal tubules [35]. Although classically dopamine has been
thought to act through the basolateral membrane, receptors for
it have now been described in the apical membrane of the
proximal tubule [11]. Dopamine binds to G-protein linked
receptors [36] and it is possible that inhibition of Na/H ex-
change in these membranes may occur, at least in part, by
direct occupation of a receptor for dopamine in the apical
membrane. Felder, Campbell and Jose [37] have in fact re-
ported preliminary data suggesting that dopamine- 1 receptors
inhibit Na/H exchange in renal BBMV. In contrast to our
studies, however, stimulation of adenylate cyclase appeared to
be involved in the mediation of this event [37]. A receptor for
neuropeptide Y has also been demonstrated in proximal tubule
cells and it appears to be 0-protein linked [381. The exact
localization of this receptor to membrane domains is yet to be
determined as is its physiological significance.
In the present study the overall effect of 0-protein activation
was inhibition of Na/H exchange. However, this represents a
net effect of the activation of many 0-proteins linked to several
distinct receptors, and possibly activating a number of intra-
vesicular second messenger systems. It is equally possible that
individual ligands or hormones acting alone via a single 0-pro-
tein coupled pathway may cause activation of Na/H exchange.
Similarly, the lack of significant effect of GDP/3S on Na/H
activity may also represent a net effect, or it could be that the
effect of 0-protein may not be apparent unless a stimulatory
ligand is already bound to its coupled receptor.
To determine some of the mechanisms potentially involved in
this Na/H exchange inhibition in BBMV the activity of adenyl-
ate cyclase was measured. One aim of these experiments was to
exclude inhibition of amiloride-sensitive Na/H exchange by
cAMP produced in contaminating basolateral membrane vesi-
des. The lack of adenylate cyclase stimulation by PTH and
other activators excludes this possibility. It is true that some
investigators have described adenylate cyclase in BBMV [11].
Our results, however, do not support such a theory in rat
BBMV.
It has also been demonstrated that activation of cAMP-
dependent protein kiriase results in inhibition of the amiloride-
sensitive Na/H exchanger [28, 29]. Furthermore, it has been
reported that determination of cAMP-dependent protein kinase
activity is a more reliable indicator of altered cAMP production
than measurement of cAMP levels themselves, and that activity
of this kinase may be increased before elevated levels of cAMP
are detectable [39, 401. Our experiments clearly indicate that
cAMP-dependent protein kinase activity is not affected by
A1F4, GTPyS or GDP/3S in rat renal BBMV, and that inhibi-
tion of Na/H exchange is independent of cAMP. However,
other protein kinases may cause inhibition of Na/H exchange
[41], and certainly a growing number of protein kinases have
been described [42]. Preliminary work from our laboratory
shows altered patterns of phosphorylation of endogenous
BBMV proteins in the presence of GTP analogues and
yf32P]ATP (results not shown). Therefore, there exists the
possibility of an alternative protein kinase affecting Na/H
exchange in this situation.
In summary, we have demonstrated inhibition of amiloride-
sensitive Na/H exchange in BBMV by G-protein activation.
This phenomenon is not related to alterations in cAMP-depen-
dent kinase activity. These results imply a complex role for
0-proteins in the regulation of Na/H exchange.
Correspondence to Saab Klahr, M.D., Department of Medicine, The
Jewish Hospital of St. Louis, 216 South Kingshighway, St. Louis,
Missouri 63110, USA.
No reprints are available.
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